Plant NADPH-dependent glyoxylate/succinic semialdehyde reductases 1 and 2 (GLYR1 and GLYR2) are considered to be involved in detoxifying harmful aldehydes, thereby preserving plant health during exposure to various abiotic stresses. Phylogenetic analysis revealed that the two GLYR isoforms appeared in the plant lineage prior to the divergence of the Chlorophyta and Streptophyta, which occurred approximately 750 million years ago. Green fluorescent protein fusions of apple (Malus x domestica Borkh.), rice (Oryza sativa L.) and Arabidopsis thaliana [L.] Heynh GLYRs were transiently expressed in tobacco (Nicotiana tabaccum L.) suspension cells or Arabidopsis protoplasts, as well in methoxyfenozide-induced, stably transformed Arabidopsis seedlings. The localization of apple GLYR1 confirmed that this isoform is cytosolic, whereas apple, rice and Arabidopsis GLYR2s were localized to both mitochondria and plastids. These findings highlight the potential involvement of GLYRs within distinct compartments of the plant cell.
INTRODUCTION
Plant NADPH-dependent glyoxylate/succinic semialdehyde (SSA) reductases (GLYR, EC 1.2.1.79) are hypothesized to detoxify harmful reactive aldehydes into their corresponding less toxic alcohols, thereby preserving plant health during various abiotic stresses (Allan et al., 2009) . Glyoxylate is an intermediate in photorespiration and produced in peroxisomes via the oxidation of glycolate (Bauwe et al., 2010) , whereas SSA is an intermediate in γ-aminobutyrate (GABA) metabolism and produced in mitochondria via the transamination of GABA .
GLYRs were first isolated from spinach and pea leaves, and found in both cytosolic and purified plastid fractions, with 10-20% of the total leaf GLYR activity being present in isolated chloroplasts (Zelitch, 1953; Givan et al., 1988 ; also see review by Givan and Kleczkowski, 1992) . To date, the best characterized plant GLYRs in terms of their subcellular localizations and biochemical properties are those from Arabidopsis. For instance, AtGLYR1 has been shown to be localized to cytosol, whereas AtGLYR2 is localized to plastids Ching et al., 2012) . Both enzymes prefer NADPH over NADH as a cofactor and display a higher affinity for glyoxylate than for SSA (Breitkreuz et al., 2003; Hoover et al., 2007a; Simpson et al., 2008) , and NADP + competitively inhibits AtGLYR1, indicating that NADPH/NADP + ratios may regulate GLYR activity in planta (Hoover et al., 2007b ). In the current study, we studied evolutionary relationships between the two plant GLYRs and compared the subcellular localization of GLYRs from apple (Malus × domestica Borkh.), a dicotyledonous species, and rice (Oryza sativa L.), a monocotyledonous species, with those from Arabidopsis thaliana [L] Heynh. Our findings established that GLYR1s are exclusively cytosolic, whereas GLYR2s are localized to both mitochondria and plastids.
MATERIALS AND METHODS

Phylogenetic Analysis
Arabidopsis GLYR1 and GLYR2 proteins were used as queries for a BLASTP search of the National Center for Biotechnology Information 1 , Phytozome 2 , and OneKP 3 databases. To construct the phylogenetic tree, GLYR proteins were chosen from among chlorophytic and streptophytic species with identity above a 50% cutoff; their NCBI Reference Sequence IDs are given in Supplementary Tables S1, S2. The evolutionary history was inferred using the Maximum Likelihood method based on the JTT matrix-based model (Jones et al., 1992) . The tree with the highest log likelihood (-8865.0032 ) is shown. All positions containing gaps and missing data were eliminated. Evolutionary analysis was conducted in MEGA7 (Kumar et al., 2016) .
Plant Materials, RNA, and DNA Extraction, and Identification of Plant GLYRs Arabidopsis thaliana (L.) Heynh ecotype Columbia (Col-0) was the genetic background of the wild type (WT) and the AtGLYR2-GREEN FLUORESCENT PROTEIN (GFP) transgenic line. Total RNA was extracted and used for synthesis of cDNA and quantitative PCR analysis as described previously (Zarei et al., 2011 (Zarei et al., , 2014 . The preparation of apple and rice RNA and cDNA has been described elsewhere (Brauer et al., 2011; Trobacher et al., 2013b) . The primer sequences used to determine the abundance of GLYR2-GFP and the housekeeping transcript ELONGATION FACTOR-1 ALPHA (At5g60390; Czechowski et al., 2005) are listed in Supplementary Table S3 . The extraction of Arabidopsis genomic DNA has been described (Zarei et al., 2011) .
Identification and Cloning of cDNAs Encoding Apple and Rice GLYRs and Arabidopsis GLYR2
The Arabidopsis GLYR sequences were utilized as queries in the apple genome database 4 . Two GLYRs have been identified as MdGLYR1 (MDP0000149834) and MdGLYR2 (MDP0000158245). GFP-tagged versions of MdGLYR2, AtGLYR2, and OsGLYR2 were constructed for subcellular localization studies. The full-length open reading frame (ORF) of MdGLYR1 was amplified with CB-F1 and CB-R1 primers, whereas the MdGLYR2 ORF was amplified with CB-F2 and CB-R2 primers (Supplementary Table S3 ). The resulting PCR products were sub-cloned into the plant expression vector pUC18-GFP, resulting in both MdGLYRs being fused at their C-termini to a monomerized version of GFP. The full-length ORF of AtGLYR2 was amplified with NheI-AtGLYR2-F and NheI-AtGLYR2-R primers from Arabidopsis rosette leaf cDNA. The resulting PCR product was sub-cloned into pUC18/NheI-GFP, yielding AtGLYR2-GFP. The rice cv. Nipponbare (AK064876) cDNA was provided by the Rice Genome Resource Center, National Institute of Agrobiological Sciences (Tsukuba, Japan). The OsGLYR2 ORF was amplified using the primer sets NotI-OsGLYR2-F and XhoI-OsGLYR2-R (Supplementary Table S3 ). The resulting PCR product was sub-cloned into pTH-2 vector (Englert et al., 2007) , yielding OsGLYR2-GFP.
Transient Expression and Subcellular
Localization of Apple, Rice, and Arabidopsis and Rice GLYRs in Tobacco BY-2 Cells and Arabidopsis Protoplasts A total of 5 µg of plasmid DNA encoding an individual GFP fusion protein with or without 1 µg of plasmid DNA encoding cytosolic Cherry (pRTL2/Cherry; Gidda et al., 2011) or the plastidial marker pSAT4/PDCpl-E2-Cherry (Park et al., 2012) was transiently expressed in tobacco BY-2 suspension cells via tungsten particle bombardment. Details on processing BY-2 cells for (immunofluorescence) microscopy, including cell fixation, as well as confocal laser-scanning microscopy (CLSM) are described in Trobacher et al. (2013a) . Mitochondria were immunostained using rabbit anti-CoxII affinity-purified IgGs and goat anti-rabbit rhodamine red × secondary antibodies (Jackson Immunoresearch Laboratories), according to Frelin et al. (2012) . GFP and chlorophyll [in Arabidopsis protoplasts or seedlings (see below)] were excited with a 488 nm argon ion laser at 25% power, and the emitted light was detected at 500-530 nm for GFP and 685-750 for chlorophyll. Cherry and Mitotracker were excited with a 543 nm Ar/HeNe laser at 85% power, and emitted light was detected at 590-650 nm for Cherry and 579-599 nm for Mitotracker.
Arabidopsis cell suspension protoplasts were prepared by enzyme digestion (Zarei et al., 2011) . Ten microgram of plasmid DNA encoding an individual GFP fusion protein with or without 5 µg of pSAT4/PDCpl-E2-Cherry plasmid DNA was mixed with 125 µL of protoplast solution containing half a million cells. Protoplasts were transformed using polyethylene glycol as described elsewhere (Schirawski et al., 2000) . Mitochondria were stained with Mitotracker Red CMXRos (Thermo Fisher Scientific) as described in the manufacturer's manual.
All fluorescent images of BY-2 cells and protoplasts are representative of at least three independent transformations with a minimum of 10 transformed cells imaged per transformation. Fluorophore emissions were imaged sequentially, and no detectable bleed-through was observed with the same acquisition settings used in data collection.
Stable Expression and Subcellular Localization of AtGLYR2 in Arabidopsis Seedlings
A stable Arabidopsis line expressing methoxyfenozideinducible AtGLYR2-GFP was generated as described by Dietrich et al. (2008) . The AtGLYR2-GFP ORF was amplified from pUC18-AtGLYR2-GFP with F-PacI-LAtGR2-GFP and R-SpeI-LAtGR2-GFP primers and sub-cloned into the plasmid CD1660-1-5XG-M35S, resulting in the construct CD-1660-1-5XG-M35S::AtGLYR2-GFP. The 5XG-M35S-AtGLYR2-GFP cassette was digested with NotI and ApaI and subcloned into the plasmid CD1468-1 possessing a promoter-binding VGE element, resulting in the construct CD1468-1-VGE-5XG-M35S::AtGLYR2-GFP. This cassette was then digested with AscI and sub-cloned into the binary vector pEC291and transformed into EHA105 Agrobacterium cells. Arabidopsis plants were stably transformed with pEC291-AtGLYR2-GFP via the floral dip method (Clough and Bent, 1998) and PCR-positive transgenic plants were further tested for protein expression and phenotype. Highly expressing GFP lines of 14-days-old T 2 seedlings were selected using an epifluorescent microscope (Leica DM-6000CS), then grown to maturity for collection of T 3 seed.
Localization analysis of Arabidopsis stably expressing inducible-AtGLYR2-GFP was performed using 14-days-old T 3 seedlings. Expression of AtGLYR2-GFP was induced by foliar application of 61 µM methoxyfenozide (Intrepid 2F insecticide, Dow AgroSciences). Seedlings were incubated for 48 h before imaging. Microscopy was performed using CLSM as described above.
RESULTS AND DISCUSSION
Comparative Genomic Analysis of Plant GLYRs
The deduced amino acid sequences of GLYR1 and GLYR2 have 54-58% identity across 35 species of Viridiplantae, which is comprised of chlorophytic species, including both unicellular and multicellular algae, as well as charophytic and embryophytic plants (the latter two groups jointly known as the Streptophyta) (Becker, 2013) . These sequences were used to construct a phylogenetic tree (Figure 1) . The GLYR1 and GLYR2 proteins from the Embryophyta generated two distinct clusters with a relatively high degree of sequence identity within each cluster (78-97% for GLYR1s and 66-84% for GLYR2s). A small clade with a high degree of identity (85-91% for GLYR1 and 73-85% for GLYR2) is dedicated to monocotyledonous plants within each cluster. Most of the embryophytic genomes contain both GLYR1 and GLYR2 genes, the notable exceptions being Cucumis sativus and C. melo, which lack GLYR1, but apparently have two GLYR2s located in tandem on the same chromosome. The two GLYR2s in C. sativus and C. melo, which were designated as GLYR2A and GLYR2B, are 72-73% identical. Furthermore, in silico analysis of subcellular localization using TargetP (Emanuelsson et al., 2000) and WoLF PSORT (Horton et al., 2007) revealed that these cucurbit GLYR2As, like their Arabidopsis, apple and rice counterparts (Supplementary Figure S1A) , possess a putative N-terminal mitochondrial/chloroplastidial targeting sequence, whereas the cucurbit GLYR2Bs do not. Physcomitrella patens, Klebsormidium flaccidum, Chlamydomonas reinhardtii, and Volvox carteri contain both GLYR1 and GLYR2 proteins. However, other members of the Chlorophyta (Chlorella variabilis, Coccomyxa subellipsoidea C-169, Micromonas pusila, Bathycoccus prasinos, and Ostreococcus lucimarinus) contain only a single GLYR, with 46-53% identity to AtGLYR1.
Overall, we found that both GLYR1 and GLYR2 appear in the plant lineage prior to the divergence of the Chlorophyta and Streptophyta, which occurred approximately 750 million years ago (Becker, 2013) . Notably, only a single GLYR is found in the oldest members of the Chlorophyta examined and the number of GLYR proteins has not expanded during evolution of the Streptophyta. Thus, the GLYR1/2 orthologs probably arose from the duplication of a single GLYR-type protein in the Chlorophyta, which underwent functional diversification. Also, an extinction event, followed by duplication, probably occurred after the divergence of the Cucurbitaceae, resulting in subfunctionalization of the GLYR2 proteins (Brocker et al., 2013) . Hoover et al. (2013) have identified six important amino acid residues for catalysis (Lys170 and Asn174 in AtGLYR1) and substrate binding (Phe231, Asp239, Ser121, Thr95 in AtGLYR1) and protein sequence alignment of the GLYRs studied here revealed a general conservation of these catalytic and substrate binding residues, with only two exceptions. C. reinhardtii GLYR1 lacks both catalytic residues (Lys170 and As174), whereas C. variabilis GLYR1 lacks Thr95, suggesting that the majority of the GLYRs investigated here are indeed functional. Interestingly, single GLYRs also appear in the bacterial lineage (e.g., Geobacter spp; Zhang et al., 2014) , and these possess greater identity to the plant GLYR1s than the GLYR2s (approximately 50-52%). Based on conservation of all the plant catalytic and substrate binding residues, it seems likely that these GLYRs would also prefer glyoxylate over SSA as substrate, but further study is required to substantiate such a prediction.
Subcellular Localization of Apple, Rice, and Arabidopsis GLYRs in Transient and Stable Expression Plant (cell) Systems
Apple, rice, and Arabidopsis GLYR1s lack a predicted N-terminal organelle targeting signal (Supplementary Figure S1A) and are therefore considered to be cytosolic. Indeed, while AtGLYR1 was FIGURE 1 | Phylogenetic analysis of plant GLYR amino acid sequences across plant species. The unrooted phylogenetic tree was depicted using the Maximum Likelihood method in MEGA7. The red, blue, and green bars represent species in the Embryophyta, Charophyta, and Chlorophyta, respectively. The numbers at each node represent support values obtained by a bootstrap test using 1000 replicates (Felsenstein, 1985) . The tree is drawn to scale (0.1 representing a 10% change) with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The protein IDs for the GLYR1s and GLYR2s are given in Supplementary Tables S1, S2. previously thought to contain a C-terminal tripeptide sequence (i.e., SRE) similar to the type 1 peroxisomal target signal (PTS1) motif (reviewed in Reumann et al., 2016) , recent experimental evidence indicates that the protein is localized exclusively to the cytosol and not to peroxisomes (Ching et al., 2012) . Both MdGLYR1 and OsGLYR1 lack a C-terminal PTS1-like peroxisomal targeting signal and are therefore presumed to be also exclusively cytosolic.
Compared to their GLYR1 counterparts, most higher plant GLYR2s examined to date (cucurbit GLYR2Bs being the exception known) possess N-terminal extensions of varying lengths and are generally predicted to be localized to plastids rather than to mitochondria (or the cytosol) by various subcellular localization prediction programs ( Supplementary  Figures S1A,B) . A mitochondrial-specific prediction program such as MitoProt (Claros, 1995) predicts mitochondrial localization for all three GLYR2s, whereas another, MitoFates (Fukasawa et al., 2015) predicts mitochondrial localization for rice GLYR2 only. However, DualPred, a program specific for dual targeting to mitochondria and plastids (Saravanan and Lakshmi, 2014) , predicts that MdGLYR2 and OsGLYR2, but not AtGLYR2, localize to both organelles. Moreover, AtGLYR2 is annotated FIGURE 2 | Subcellular localization of MdGLYRs in tobacco BY-2 cells. Representative CLSM images of BY-2 cells (co)expressing (as indicated by the panel labels) MdGLYR1-GFP (A) and the cytosolic marker Cherry (B) or MdGLYR2-GFP (E) and plastid marker PDC pl -E2-mCherry (F). Processing of cells and viewing using CLSM are described in the Section 'Materials and Methods'. Shown also is the corresponding merged (C,G) and differential inference contrast (DIC) (D,H) images for each cell. The yellow color in the merged images indicates co-localization. Scale bar in A = 10 µm.
at the Arabidopsis subcellular proteome database [SUBAcon (Hooper et al., 2014) ] to be localized to plastids; however, this latter conclusion was drawn solely from mass spectrometry studies involving isolated plastids (i.e., chloroplast), but not mitochondrial organellar fractions.
In order to begin to assess the subcellular localization of GLYRs in vivo, MdGLYR-GFP fusion proteins were transiently expressed and visualized via CLSM in tobacco suspension-cultured BY-2 cells, serving as a well-established model system for protein subcellular localization studies (Brandizzi et al., 2003) . Similar to the abovementioned previous results for AtGLYR1 (Ching et al., 2012) , MdGLYR1-GFP displayed diffuse localization throughout the cell, similar to co-expressed Cherry, a red fluorescent protein that served as a cytosolic marker protein (Shaner et al., 2004) (Figures 2A-D) . By contrast, MdGLYR2-GFP localized to distinct globular-shaped structures, which co-localized with the co-expressed plastid marker fusion protein, consisting of the E2 subunit of the pyruvate dehydrogenase complex fused to Cherry (PDC pl -E2-Cherry) (Park et al., 2012) (Figures 2E-H) , indicating that, similar to previous results for AtGLYR2 , MdGLYR2 is localized to plastids. However, MdGLYR2-GFP in the majority (>70%) of BY-2 cells examined localized also to numerous small puncta that did not co-localize with co-expressed PDC pl -E2-Cherry (Figure 3A) , but did co-localize with the endogenous mitochondrial protein, cytochrome oxidase subunit II (CoxII) (Figure 3B) . Taken together, these data suggest that MdGLYR2-GFP is localized to both plastids and mitochondria in BY-2 cells. Similar results were observed for OsGLYR2-GFP (Figures 3C,D) . These findings also prompted us to revisit the subcellular localization of AtGLYR2, which had not been assessed for mitochondrial localization in our previous study . As shown in Figures 3E,F , AtGLYR2-GFP localized to both co-expressed PDC pl -E2-Cherry-containing plastids, as well as to endogenous CoxII-containing mitochondria.
In order to assess the possibility that artifacts could be generated by heterologous protein expression in tobacco BY-2 cells (reviewed in Denecke et al., 2012 and Millar et al., 2009) , the subcellular localization of MdGLYR2-GFP, OsGLYR2-GFP, and AtGLYR2-GFP was further investigated in transiently transformed Arabidopsis suspension cell-derived protoplasts. As shown in Figure 4 , all three GLYR2-GFPs localized in protoplasts to both co-expressed PDC pl -E2-Cherry-containing plastids and Mitotracker-stained mitochondria.
To further eliminate the possibility that the localization of GLYR2 to mitochondria was an artifact of expression in either a non-native system (i.e., tobacco BY-2 cells) or perhaps a distinct cell type (i.e., Arabidopsis suspension cell-derived protoplasts), we generated stably transformed Arabidopsis seedlings expressing methoxyfenozide-inducible AtGLYR2-GFP. The presence of the AtGLYR2-GFP transgene was confirmed via gene-specific PCR amplification, and the expression of AtGLYR2, as assessed by quantitative PCR, was observed to be approximately four times higher in transgenic seedlings induced with methoxyfenozide for 48 and 72 h, than in non-treated wild-type (WT) control seedlings or similarly treated WT seedlings, all of which displayed relatively low levels of AtGLYR2-GFP (Supplementary Figure S2) . Furthermore, allied control experiments revealed that no fluorescence attributable to GFP was observed in WT seedlings in the presence or absence of methoxyfenozide, due to bleed-through from endogenous chlorophyll autofluorescence or Mitotracker staining, or in AtGLYR2-GFP-transformed seedlings in the absence of methoxyfenozide induction (Supplementary Figure S3) . However, upon induction AtGLYR2-GFP localized consistently to both plastids and mitochondria, based on the co-localization of the fusion protein with chlorophyll autofluorescence and Mitotracker staining, respectively (Figure 5) , corroborating results for the dual localization of AtGLYR2-GFP in tobacco BY-2 cells (Figure 3) and Arabidopsis protoplasts (Figure 4) .
Dual targeting of proteins to mitochondria and chloroplasts could be a consequence of alternative gene splicing, transcription and/or translation initiation sites, as well as perhaps an ambiguous targeting signal that is recognized by the import machinery at both organelles (Carrie and Small, 2013) . For example, the import of Thr-tRNA synthetase into both mitochondria and chloroplast is considered to involve a shared targeting signal domain and specific organelle receptors (Berglund et al., 2009) , whereas the carrier protein Brittle 1 requires distinct targeting information that is recognized by different organelle receptors (Bahaji et al., 2011) . In the case of GLYR2, the Arabidopsis Information Resource depicts only one version of the AtGLYR2 gene and no potential splice variants. Moreover, cloning of AtGLYR2, MdGLYR2, or OsGLYR2 from total cDNA resulted in only one clear sequence corresponding to GLYR2, indicating that GLYR2s in these three species are not alternatively spliced or transcribed, despite the presence of Figure S1A) . With respect to an ambiguous dual targeting signal peptide, while no consensus sequence(s) has been identified to date, N-terminal sequences enriched in positively charged residues (i.e., arginine, histidine and lysine) and deficient in glycine and negatively charged residues (i.e., aspartate and glutamate) , or enriched in phenylalanine, leucine and serine and deficient in glycine (Berglund et al., 2009 ) have been reported. However, the N-terminal sequences of GLYR2s do not generally possess the same amino acid characteristics (Supplementary Figure S1A) and therefore may possess some other yet-to-be identified dual targeting signals, resulting in their localization to both plastids and mitochondria.
Compartmentation and Potential Function of GLYR Proteins
As depicted in the model in Figure 6 , cytosolic GLYR1, as well as plastidial and mitochondrial GLYR2, could serve physiological roles in both glyoxylate and SSA metabolism. For example, abiotic stresses such as drought, heat and salinity cause plant stomata to close, leading to reduced intracellular CO 2 /O 2 ratios FIGURE 6 | Proposed model for the detoxification of γ-aminobutyrate-derived succinic semialdehyde and photorespiration-derived glyoxylate in multiple subcellular compartments. γ-aminobutyrate, GABA; GABA transaminase, GABA-T; glutamate decarboxylase, GAD; glycolate oxidase, GOX; glyoxylate reductase, GLYR; γ-hydroxybutyrate, GHB; succinic semialdehyde, SSA; tri-carboxylic acid cycle, TCA. (Modified from Shelp et al. (2012) ; permission to reproduce not required) and elevated rates of photorespiration, which might result in the accumulation of glycolate and glyoxylate (Allan et al., 2009) . Arabidopsis plants exposed to these stresses could have elevated GLYR expression, as well as NAD(P)H/NAD(P) + ratios , suggesting that NADPH-dependent GLYR activity would be stimulated (Allan et al., 2009) . In contrast, chilling would be expected to decrease the absolute and relative rates of photorespiration (Foyer et al., 2009) , and O 2 deficiency stresses such as hypoxia and submergence would be expected to suppress the activity of glycolate oxidase (Narsai et al., 2009) , so that glyoxylate would not be generated. However, the levels of GABA and GLYR expression could increase, together with the NAD(P)H/NAD(P) + ratios, resulting in the diversion of SSA from succinate production to γ-hydroxybutyrate (Allan et al., , 2012 . Notably, the submergence-induced accumulation of GHB is decreased in both Arabidopsis glyr1 and glyr2 single knockout mutants (Allan et al., 2012) . GABA and γ-hydroxybutyrate production has also been observed with many abiotic stresses . Thus, while the GLYRs are biochemically interchangeable, it can be hypothesized that they function in metabolically diverse cellular compartments.
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